Abstract-A single-chip 18-channel strain-gauge datalogger IC is integrated in a 0.7-m CMOS technology. It combines a 10-m strain-accuracy sensor interface with digital offset compensation, a wireless 132-kHz/66-kHz transceiver and a 23.4-kgates digital unit with adjustable data processing. The datalogger's maximum power consumption, including an external 2-Mb RAM, is 136 W/channel at 3.1 V.
I
N THIS PAPER, a miniaturized battery-operated wireless datalogger that is part of a dental prosthesis is presented. This datalogger is used to gain more insight in the process of bone remodeling caused by loading oral implants that support a dental prosthesis. Underloading as well as overloading of the implants can cause implant failure. Because of the lack of quantitative load data to validate the existing bone-remodeling/implant-failure theories, in vivo load measurements are necessary. The aim of the presented datalogger is to monitor continuously the in vivo loads in a prosthesis over a two-day period, independent of the hospital environment. It is capable of measuring the unconscious nocturnal dental activities, like gnashing and clenching, which are seen as a missing link in the validation of existing bone remodeling models, who have to rely on restricted and isolated measurements in an hospital environment. Fig. 1 (a) shows a schematic drawing of an oral-implant system with a single-tooth dental prosthesis. For a full prosthesis, the number of implants varies between two and six. Fig. 1(b) and (c) illustrates a clinical example with five implants before and after placement of a full prosthesis. To measure the loads imposed on the different implants, every abutment ( mm, mm) is equipped with three metal-film strain gauges ( k G.F. ) [1] , positioned 120 from each other with their measuring grids parallel to the cylindrical abutment's axis, as shown in Fig. 2 axial forces and bending moments on the abutments can be derived from the strains measured by the individual strain gauges [2] . In Fig. 2 with strain gauges protected by a shrink sleeve is given. The required bandwidth of each strain-gauge channel is 50 Hz and the required measuring accuracy (i.e., standard deviation of the error) is 10 strain. This is equivalent to a strain-gauge-resistance measurement accuracy of 100.5 m , corresponding with an axial-force measurement accuracy of 5.6 and a bending-moment measurement accuracy of 0.64 cm. Since the strain gauges' resistance tolerance (30 ) is higher than the resistance change (19.6 ) due to the maximum/minimum occurring strain (i.e., strain), compensation for the resistance variation is required for each channel. Moreover, due to mechanical misalignments in the assembly an excessive pre-strain of up to strain can occur when the prosthesis is placed. This pre-strain is again higher than the maximum/minimum occurring strain. Therefore, the measurement system must be capable to compensate for this excessive pre-strain after placement of the prosthesis. This compensation in situ is carried out wirelessly, as explained further.
In the past, an external nonportable measuring unit [2] , connected to the strain gauges by wires, has been employed to quantify the loads in dental prostheses. Compared with the existing system, the new autonomous datalogger, being embedded in the prosthesis, has several advantages. First of all, the measurements are no longer restricted to the hospital environment, so that the patient can be monitored in his normal living conditions. In this way, unconscious nocturnal dental activities also can be monitored. Moreover, the patient is no longer hindered by strain-gauge wires coming out of his mouth and the measurements are no longer carried out on command, so that artificial chewing behavior is avoided. Instead, the natural load behavior can now be traced.
II. TOTAL SYSTEM OVERVIEW
To perform the compensation wirelessly, a bidirectional transceiver is included in the datalogger. This allows wireless activation of the compensation after placement of the prosthesis. Moreover, it allows to (re-)program the datalogger's operation-mode settings (e.g., the number of strain gauge channels, the data processing algorithm, etc.). By the incorporation of flexibility into the datalogger and the possibility of reprogramming the device settings wirelessly, a highly flexible datalogger is obtained which can be adapted toward each individual patient with the implant placed in situ. Fig. 3 shows an overview of the complete bidirectional telemetry system. At the measurements startup, the datalogger's internal transceiver communicates with an external RF unit connected to a PC. Dedicated software runs on the PC to program/read out the datalogger and to store and visualize the collected data. The datalogger is a transponder-type device; it is able to pick up a nearby low-frequency programming/reading field (132 kHz) and respond to it. The datalogger can be (re-)programmed by this field or can be instructed to send the collected data to the external RF unit. The receiver (Rx) and transmitter (Tx) antennas of the external RF unit are LC circuits tuned, respectively, to 66 and 132 kHz. In the monitoring mode, this field is neither present nor needed, and the device switches to an autonomous mode, powered by the incorporated battery. It continues to collect and process data, until the field is present again. This is done, for example, at consultation. 
III. DATALOGGER

A. Sensor Interface
An overview of the complete datalogger is shown in Fig. 4 . It consists of four major parts: a sensor interface, a digital part, and a wireless transceiver, integrated on a single chip, and an external 2-Mb SRAM. In [3] and [4] , the sensor interface chip, the selection/design of the sensor interface building blocks, and the system concept have been discussed. This work presents for the first time the single-chip integration and experimental verification of the complete datalogger IC with on-chip digital intelligence.
A circuit block diagram of the sensor interface is given in Fig. 5 .
(22 A) is a self-biased thermal-voltage-referenced current reference (biasing and startup circuits are not shown) from which the currents (176 A), (308 A) and the digitally controllable current of a binary weighted current-steering digital-to-analog converter (DAC) ( nA) are deduced. To measure the strain gauges , a current-driven Wheatstone configuration, consisting of a reference branch -and a measurement branch -, is applied. This has a doubled sensitivity-per-total-current ratio compared to the voltage-driven one [3] and thus allows a lower power consumption. The measurement of the 18 different channels is carried out consecutively by means of two 18-channel multiplexers (MUX) and a 5-bit channel-select decoder, included in the PROG/SEL-block. The overall sampling frequency of the sensor interface is 2 kHz, resulting in a sampling frequency of the 18 individual multiplexed strain-gauge channels of 111 Hz. To cope with the offsets introduced by the resistance tolerance and the high pre-strains, the total current through a strain gauge under measurement is adjustable. By applying the correct digital word at the input of the 8-bit DAC, becomes equal to (limited by the resolution level of the DAC) and compensation is obtained. Compensation for every strain-gauge channel is carried out after placement of the prosthesis and the digital words needed for compensation are programmed into an on-chip nulling memory REG using the PROG/SEL-block. In the measurement mode, when a particular strain-gauge channel is selected, the digital word belonging to that particular channel is fetched from REG and offered to the DAC, so that offset-compensated measurements are performed.
The multigauge interface is followed by an offset-cancelled switched-capacitor (SC) resettable-gain amplifier (AMP) and sample-and-hold (SH), proceeded by an offset-cancelled 9-bit successive approximation analog-to-digital converter (ADC). The total integrated input-referred noise of these building blocks is 9 V. The sensor interface also contains a 5-bit 
B. Digital Part
Fig . 6 shows a block diagram of the digital part, which is clocked by the sensor interface's 128-kHz clock. It contains a programmable data processing unit including selectable algorithms with adjustable parameters. This unit can be programmed to store only clinical relevant data, reducing the necessary datastorage-capacity drastically, and to employ an optimized data processing algorithm for each individual patient. Without data processing, a memory capacity of 388.8 MB would be required to store all the raw data of the 18 channels over a two-day period. Because the onboard memory is limited to 2 Mb due to the available space for the datalogger embedded in the dental prosthesis, it is clear that data processing is a requisite. Table I gives an overview of the properties of the 8 selectable algorithms implemented in the data processing unit. The first algorithm stores the raw data without further processing and can be used to derive the optimal parameters for the other algorithms. This algorithm does not allow memory savings, which results in a 116.5-s data collection time for 18 channels. It is used in the learning cycle to retrieve patient-specific load behavior. The second algorithm stores the average value of the data in each channel using a programmable number of data points for the average calculation. The last algorithm stores the duration during which a threshold is trespassed, the time of occurrence, and the strains of the different channels when the maximum strain occurs in one of the channels. The other algorithms store a programmable number of raw data or the average values with/without time information and with/without storing the maximum strain set after trespassing a threshold. To achieve a very flexible data processing unit, the thresholds as well as the number of data points used (RAW/MEAN) are adjustable. The digital unit also includes a programming unit to program the compensation words directly into the on-chip nulling memory REG via the PROG/SEL block (Fig. 5) . The datalogger is also capable of compensating itself for the offsets introduced in the strain-gauge channels due to the strain gauges' resistance tolerance and due to the placement of the prosthesis. This compensation is carried out automatically by commanding the datalogger IC wirelessly to compensate toward a user-definable output value for a selectable strain-gauge channel. This is performed by the nulling block, which employs successive approximation to determine the required compensation word to be stored. The sampling unit controls the 5-bit channel-select decoder, included in the PROG/SEL block (Fig. 5 ) of the sensor interface in the measurement mode and also controls the storage of processed data in the RAM, which is dependent on the number of selected strain-gauge channels. The transmission unit transmits the stored data in selectable data packages of 256 bytes. To achieve a correct communication, the data bytes are Manchester-encoded and an extra 3-bit header per byte is added as well as an extra parity byte per data page. A commercially available external transceiver [5] has been modified to communicate with the transponder-type datalogger. This wireless transceiver, controlled by a PC, allows to program the datalogger with Manchester-encoded 15-bit commands with an extra 4-bit header and two extra parity bits. The receiving unit of the datalogger takes care of the reception and validation of these commands and appropriate actions are taken by the controller if a correct command is received. After programming, the actual status of the datalogger can be verified by calling the device status bytes. The controller also ensures that normal operation is reassumed after a possible lock during communication by means of programmable watch-dog timers (WDT). The digital part has been implemented together with the sensor interface on the same chip. It contains approximately 23 400 gates and occupies 22.5 mm . A single power supply of 3.1 V is used for logic core and I/O.
C. Transceiver
The datalogger's integrated transceiver is shown in Fig. 7 . The external transceiver, controlled by a PC, employs amplitude modulation of a 132-kHz carrier to program the datalogger. The incoming amplitude-modulated 132-kHz field is received by a reception LC-tank (RX), demodulated by a buffer (BUF) and an external rectifier (RECT), and further processed by the receiving unit. During data retrieval of stored data or status bytes from the datalogger, a 66-kHz carrier is derived from an incoming nonmodulated 132-kHz field. The data are sent to the external transceiver by phase modulation of the 66-kHz carrier, carried out by EXORing the data with the carrier, and by buffering the modulated signal into a transmission LC-tank (TX). The internal transceiver is able to transmit data to the external transceiver over a distance of 30 cm at a data rate of 4 kB/s with a mean power consumption of 2.3 mW.
D. Commands
An overview of all the commands that can be issued to the datalogger is given in Table II . Each command has a 5-bit command code and 10 databits, used to program the parameter values. The commands in Table II are divided into five subgroups, as follows: 1) commands related to the general operation mode of the device; 2) commands employed to store the digital compensation words into REG or to activate the automatic nulling of a selectable strain-gauge channel toward a selectable output value; 3) commands used to set up the data processing algorithm and to select the number of strain-gauge channels; 4) commands to set up the communication mode and to activate the transmission of a selectable data page or the status bytes; 5) command for the programmation of the WDT intervals. Fig. 8 shows a micrograph of the realized datalogger IC including the sensor interface, the digital part, and the transceiver. The chip has been fabricated in a 0.7-m CMOS technology, offering a lower cost compared with modern state-of-the-art technologies. The measured maximum mean power consumption of the complete datalogger including the SRAM [6] is a mere 136 W per strain-gauge channel, which is to our knowledge the lowest ever presented for comparable systems [7] - [10] .
IV. EXPERIMENTAL RESULTS
To perform static and dynamic measurements, a voltage-controlled piezoelectric actuator [11] , composed of PZT ceramic stacks, has been employed. This actuator is able to impose displacements with a maximum of 90 m and an accuracy better than 0.2 m. The maximum load of the actuator is equal to 1000 N. To measure the forces imposed by the actuator, a monitoring cell is employed. Fig. 9 gives the output data for a static measurement where an incrementally-increasing strain has been imposed to a strain gauge. The dots represent the measurement data and the solid line the least-squares fit. This measurement shows a standard deviation of the error smaller than 6.5 strain. Fig. 10 depicts the two measurement setups employed for the dynamic measurements. In the measurement setup in Fig. 10(a) , the strain gauge is installed on a rigid PVC beam supported at both sides. The beam is loaded by two point loads, symmetrically distributed around the center of the beam. The benefit of this approach is that the strain between the two point loads is constant [12] , so that the alignment of the point loads and the strain gauge is not critical. The applied strain is proportional to the displacement of the piezo stack. (error) = 6:1 strain. Fig. 11(a) shows a window of the measured output data for a sinusoidal strain with a peak-to-peak amplitude of 1005 strain and a 4-Hz frequency performed with this measurement setup. The amplitude corresponds with the maximum actuator displacement. Fig. 11(b) illustrates the power spectral density (PSD) of the measured output data, yielding a signal-to-noise-and-distortion ratio (SNDR) of 35 dB, corresponding with a standard deviation of the error equal to 6.1 strain.
The second measurement setup is depicted in Fig. 10(b) . In this case, the PZT actuator applies a displacement to a steel disc which is fixed by an M2 screw to an abutment of a dental prosthesis. The weak connection with the M2 screw and the bending of the steel disc introduce nonlinearities in the measurements, resulting in a lower accuracy of this test setup compared with the first measurement setup. Despite this drawback, the second test setup allows to perform measurements with real abutments. An example of such a measurement with a real abutment is shown in Fig. 12 . In this measurement, a sinusoidal strain with a peak-to-peak amplitude of 479 strain and a 30-Hz frequency has been imposed. [Note that in Fig. 12(a) the data points are connected with each other so that it seems that the measured signal is modulated. This, however, is not the case and is due to the fact that the 30-Hz signal is close to the Nyquist frequency.] The SNDR is equal to 27.2 dB, equivalent to a standard deviation of the error of 7 strain.
To investigate the influence of the integration of the digital part and transceiver on the same chip as the sensor interface, the datalogger has been tested under similar conditions as the [3] . This measurement yields a standard deviation of the error equal to 6.8 strain, which shows that the accuracy degradation due to the single-chip integration of the datalogger IC is limited to 0.6 strain. This has been achieved by extensive (in-circuit) substrate contacts, guard rings and the use of a conductive glue, grounding the chip's substrate. Also, the influence of using a single supply instead of separate analog and digital supplies has been investigated. The accuracy degradation due the use of a single supply is limited to 0.3 strain, demonstrating that also this influence is negligible.
V. CONCLUSION
The performance of the datalogger is summarized in Table III . It has been shown in this paper that the single-chip integration in a 0.7-m CMOS technology of a 18-channel strain-gauge datalogger, combining a 10-strain-accuracy sensor interface, an intelligent digital unit, and a wireless transceiver is feasible. The combination of these building blocks yields a flexible autonomous datalogger with integrated automatic offset compensation and programmable data processing expanding the intelligence of the device. Note that the application of the presented intelligent datalogger concept is not only restricted to dental prostheses, but it may also be applied to other medical application areas, such as, for example, orthopedics. 
